There are some well accepted facts for the dependence of biological activity of endotoxins on the chemical structure of their lipid A moiety. Thus, the lipid A of Escherichia coli, a bisphosphorylated diglucosamine disaccharide carrying six saturated fatty acids in a defined asymmetric distribution, four at the non-reducing and two at the reducing GlcN, has been shown to represent the endotoxically most active lipid A composition. A variation of this composition (such as a reduction of the number of charges or the number of acyl chains, a change in their distribution or degree of saturation) results in a dramatic reduction of biological activity. 1 These observations could be interpreted to indicate that a variation of the primary structure of endotoxin molecules influences their physicochemical behavior, and that this physicochemical behavior is correlated to the biological activity.
INTRODUCTION
There are some well accepted facts for the dependence of biological activity of endotoxins on the chemical structure of their lipid A moiety. Thus, the lipid A of Escherichia coli, a bisphosphorylated diglucosamine disaccharide carrying six saturated fatty acids in a defined asymmetric distribution, four at the non-reducing and two at the reducing GlcN, has been shown to represent the endotoxically most active lipid A composition. A variation of this composition (such as a reduction of the number of charges or the number of acyl chains, a change in their distribution or degree of saturation) results in a dramatic reduction of biological activity. 1 These observations could be interpreted to indicate that a variation of the primary structure of endotoxin molecules influences their physicochemical behavior, and that this physicochemical behavior is correlated to the biological activity.
As derived from X-ray diffraction experiments with lipid A aggregates, there is a straight correlation between the primary chemical structure of a given lipid A and its three-dimensional intrinsic molecular conformation, and this conformation of the lipid A portion of endotoxin is a prerequisite for the expression of endotoxic activity. Thus, only those endotoxins having a lipid A portion with a conical shape -the cross-section of the hydrophilic is smaller than that of the hydrophobic moiety -are biologically highly active, whereas those with a cylindrical shape -the two cross-sections being identical -are biologically inactive but may be antagonistically active. 2, 3 A conditio sine qua non for agonistic as well as antagonistic activity is the presence of sufficient numbers of negative charges, not necessarily phosphate groups.
As interpretation of the influence of the molecular shape, we have proposed an intercalation of the endotoxin molecules into the target cell membrane driven solely either by hydrophobic interaction or by the enhancing effect of proteins. When intercalated into the A K + channel is involved in LPS signaling U. Seydel, O. Scheel, M. Müller, K. Brandenburg, R. Blunck
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We previously showed a clear correlation between the molecular conformation of the lipid A moiety of endotoxin molecules and their cytokine-inducing capacity in mononuclear cells. While conically shaped lipid A moieties exhibit a high agonistic activity, a shift to a more cylindrically shaped lipid A leads to a decrease in agonistic and increase in antagonistic activity of the endotoxin molecules. Here, we show the involvement of a high-conductance Ca 2+ -activated potassium (MaxiK) channel in LPS signaling in macrophages. Corresponding to their biological activity, endotoxins activate a MaxiK channel as shown in outside-out patch-clamp experiments. LPS antagonists and anti-CD14 antibodies inhibit the LPS-induced activation of the channel. Blocking of the channel by specific channel blockers in macrophage cultures leads to inhibition of cytokine mRNA production. In particular, this result implies that there is no other independent transmembrane signaling pathway operative in macrophages. A shift of the molecular conformation of an a priori antagonistic lipid A from a cylindrical to a conical shape by adding the membrane-active compound chlorpromazine increases the activity of the MaxiK channel and the biological activity of the lipid A. We conclude that the activation of the MaxiK channel is a very early step in LPS-induced signaling in macrophages. membrane, only those molecules assuming a conical shape would then induce a mechanical stress on a putative signaling protein, while LPS with a cylindrical geometry of the lipid A part would act antagonistically by occupying the binding site without exerting the necessary stress for activation. To us it seemed reasonable to propose that the signaling protein is a stress-activated ion channel. We have now acquired strong experimental evidence for the involvement of a high-conductance, Ca 2+ -dependent K + channel in LPS-induced transmembrane signaling.
MATERIALS AND METHODS
Re LPS from the deep rough mutant of Salmonella enterica sv. minnesota strain R595 was extracted according to the phenol/chloroform/petrol ether procedure. The LPS preparations were lyophilized and used in the natural salt form. Synthetic tetraacyl lipid A (compound 406) was a kind gift of Soichi Kusumoto (University of Osaka, Japan). Paxilline and apamin were obtained from Sigma (Deisenhofen, Germany), the anti-CD14 antibody MEM18 (IgG 1 ) was a kind gift of V. Horejshi (Academy of Sciences of the Czech Republic, Prague, Czech Republic).
The patch-clamp experiments were performed at room temperature in the outside-out excised-patch configuration using pipettes with a resistance of (5.6 ± 1.1) MΩ (n = 32). The bathing solution in the patch-clamp experiments was HBSS ([K + ] = 5.8 mM, [Ca 2+ ] = 1 mM) (Biochrom, Berlin, Germany). LPS was dissolved in pyrogen-free H 2 O in a stock solution (1 mg/ml) and diluted in HBSS. LPS was always added to the bathing solution at least 5 min prior to measurement. The pipette solution contained 140 mM KCl, 1.2 mM MgCl 2 , 10 mM HEPES, 0.97 mM CaCl 2 , 1.92 mM EGTA; pH was adjusted with KOH to 7.2. K + current was amplified with a patch-clamp amplifier (LM-PC/A) (List-Electronic, Darmstadt, Germany), filtered with an 8-pole Bessel-filter (Frequency Devices, Haverhill, USA), and digitized with a 12 bit ADC (Dalanco Spry Model 250, Dalanco, Rochester, USA); sample frequency was 100 kHz, recording time was 6 or 12 s, respectively. The open probability, defined as the probability to find one specific channel in an open state at a certain time t, was calculated from the ratios p(k) of the total occupancies of the several levels k to the recorded time. 4 Open probability is normalized to the maximum number of channels visible in one patch under any of the applied experimental conditions. Experiments were done at least in triplicate, and in the respective figures the results are depicted from one representative experiment.
Monocytes were isolated from human peripheral blood by the Hypaque-Ficoll gradient method and stored in RPMI 1640 medium (endotoxin ≤0.01 EU/ml; Biochrom, Berlin, Germany) + 2% penicillin/streptomycin/glutamine + 4% human serum type AB (heat inactivated) at 37°C and 6% CO 2 . For dividing the lymphocytes from the monocytes, all non-adherent cells were removed after 2 h. M-CSF (2 ng/ml) was added to the medium for 7 days to differentiate the monocytes to macrophages. The cells were used for electrophysiological experiments on days 6-9.
To determine the cytokine-inducing capacity of LPS and its inhibition by various channel blockers, human mononuclear cells and macrophages were stimulated by adding LPS and the blockers in the concentrations mentioned below and subsequently incubated for 4 h. TNF-α production was determined in the supernatant using the ELISA technique. Supernatants were collected after centrifugation of the culture plates for 10 min at 400 g and stored at -20°C until determination of cytokine content. TNF-α in the cell supernatant was determined in a sandwich-ELISA as described elsewhere. 5 Ninety-six-well plates (Greiner, Solingen, Germany) were coated with a monoclonal Ab against TNF-α (clone 6b from Intex AG, Muttent, Switzerland). Cell culture supernatants and the standard (recombinant TNF-α, Intex, AG) were diluted with buffer. After exposure to appropriately diluted test samples and serial dilutions of standard rTNF-α, the plates were exposed to POD-conjugated rabbit anti-rTNF-α Ab. The plates were shaken for 16-24 h at 4°C. For removal of free Ab, the plates were washed 6 times in distilled water. Subsequently, the color reaction was started by addition of tetramethylbenzidine/H 2 O 2 in alcoholic solution and after 5-15 min stopped by the addition of 1 M sulfuric acid. In the color reaction, the substrate is cleaved enzymatically, and the product can be measured photometrically. This was done on an ELISA reader (Rainbow, Tecan, Crailsham, Germany) at a wavelength of 450 nm, and the values were related to the standard.
Small-angle X-ray diffraction measurements and Fourier-transform infrared spectroscopy to determine the aggregate structure of lipid A and to derive the molecular conformation of the individual molecules were performed as described previously. 2, 3 
RESULTS AND DISCUSSION
Combining data for the molecular conformation of lipid A from X-ray small-angle diffraction measurements with those from orientation measurements with infrared spectroscopy, we can now draw a complete picture of the molecular shape of chemically different lipid A. 6 This is illustrated in Figure 1 for bisphosphoryl hexaacyl (4/2 distribution of the acyl chains of the non-reducing to the reducing GlcN) (a) and monophosphoryl hexaacyl (4/2) lipid A from E. coli (b), and pentaacyl (3/2) lipid A from E. coli and Rhodobacter capsulatus (c), tetraacyl (2/2) lipid A from E. coli (d), and hexaacyl (3/3) lipid A from Clostridium violaceum (e). The diglucosamine backbone is inclined with respect to the membrane surface with the 1-phosphate sticking out of the membrane surface and the 4′-phosphate being buried in the lipid matrix. It is interesting to note that the two parameters -tilt angle and molecular shape -determine endotoxicity completely.
We previously showed that the IL-6-inducing capacity (agonistic activity) in peripheral blood monocytes and the capacity to inhibit the induction of IL-6 by active LPS (antagonistic activity) is strikingly correlated to these physicochemical molecular parameters. 3 Thus, the biological activity decreases strongly with decreasing numbers of acyl chains, a reduction in their asymmetric distribution, or a reduction of the number of negatively charged groups at the disaccharide backbone. These changes in the primary chemical structure lead in most cases to a shift from a conical to a lamellar shape which is accompanied by a reduc-tion of the inclination of the backbone with respect to the membrane surface. These findings are summarized schematically in Figure 2 . The presence of sufficient numbers of negative charges enables the molecules to associate with serum and membrane-bound proteins, e.g. with the acute-phase serum protein LBP and CD14, as the initial event and prerequisite for cell activation.
As an explanation for this obvious correlation between the molecular conformation of lipid A and the ability to activate mononuclear cells or inhibit this activation, it seems now tempting to propose a stress-activated transmembrane LPS signaling mechanism. It has previously been shown that K + channels are involved in the LPS-induced activation of monocytes and macrophages. 7, 8 From these findings, we have proposed that the modulation of a K + channel by the lipid A moiety of LPS, depending on its shape, is one initial transmembrane step in LPS signaling. Consequently, using excised outside-out membrane patches from human macrophages derived from peripheral blood monocytes A K + channel is involved in LPS signaling 245 (HMDM) to exclude the possibility that any endotoxininduced signal results from subsequent signaling cascades, we have provided strong experimental evidence that a high-conductance Ca 2+ -and voltage-dependent K + channel is involved in transmembrane signal transduction in macrophages as an early step and that the modulation of the channel by endotoxin is strongly sensitive to the conformation of lipid A. 9 Starting with patches from freshly isolated monocytes, we found only a very low number of K + channels; however, during the differentiation of monocytes to macrophages, the number of expressed K + channels increased significantly. Two different types of K + channels could be observed. A high-conductance (apamin-insensitive) channel occurred regularly, whereas a small-conductance (apamin-sensitive) channel did not. The average number of high-conductance channels increased from below 1 per patch (~1 µm 2 , n = 10/day) on days 1-3 to approximately 2.5 on day 5. 9 We focused our experiments on the high-conductance channel (210 pS in symmetrical 140 mM K + ). It was further characterized to be calcium-and voltage-dependent, and to be sensitive to quinine (100 µM) and paxilline (5 µM). These properties are indicative of a MaxiK channel. 10, 11 We could now show that the presence of endotoxinsendotoxically active (e.g. Re LPS from S. minnesota) as well as inactive (e.g. compound 406) -up to concentrations of 200 ng/ml on the outside had no influence on the single-channel conductance. The current traces, however, showed characteristic differences in the presence of endotoxically active LPS as compared to the control: the channel activity was significantly increased without affecting the single-channel conductance (Fig. 3a,b) . The calculated open probability of the channel showed a dose-dependent increase upon the addition of Re LPS (concentration range 2-20 ng/ml) to the outside of the membrane (data not shown). The endotoxically inactive compound 406, which is known to antagonize endotoxin activity, 12 did not activate the channel up to concentrations of 200 ng/ml, but inhibited the Re LPS-induced (10 ng/ml) increase of the open probability at a 10-fold higher concentration (100 ng/ml). Furthermore, the Re LPS-induced activation of the channel could be completely inhibited when CD14 was blocked by a monoclonal anti-CD14 antibody (MEM18). 9 To further verify the physiological relevance of our findings, we incubated HMDM with various specific and non-specific channel blockers and subsequently determined LPS-induced TNF-α and IL-6 production. We found a clear correlation between the sensitivity of the channel to the various agents and their ability to inhibit cytokine production. In particular, paxilline blocked the channel and inhibited cytokine production, whereas apamin as a blocker of small-conductance Ca 2+activated K + channels neither blocked the channel nor inhibited cytokine production. 9 Interestingly, paxilline had no significant effect on TNF-α production in monocytes, but blocked the release in macrophages in a dose-dependent manner (Fig. 4 ). This inhibition of cytokine release is correlated to a complete blocking of the K + channel (Fig. 3c) , even in the presence of endotoxin. These results are consistent with the expression pattern of MaxiK channels in monocytes and macrophages and indicate that MaxiK channels are the essential targets of paxilline in the blockade of cytokine production.
With the presented more recent and the cited older data, we have provided strong experimental evidence that modulation of an ion channel is a very early step in LPS-induced transmembrane signaling in macrophages. The channel to be defined is a high-conductance Ca 2+sensitive and voltage-dependent K + channel. Channel modulation is strongly dependent on the molecular conformation of the lipid A moiety and involves the membrane-bound LPS receptor mCD14, as shown by the anti-CD14 antibody-mediated blockade of the channel activation. At present, no statements on the possible involvement of further membrane-bound or transmembrane proteins can be made. It has been shown in the literature that members of the Toll-like receptor (TLR) family play an important role in LPS signaling. [13] [14] [15] Thus, TNF-α release could be significantly reduced by an antibody recognizing TLR4-MD2 complexes. 16 From our channelblocking experiments with paxilline, however, it follows that in macrophages the TLR pathway is not independent of the described K + channel. They are rather indicative of a signaling mechanism which involves two pathways, the TLR-and the channel-mediated, both of which have to be activated simultaneously. In monocytes, the situation seems to be different in that the channel-mediated pathway is not effective. Thus, it may be concluded that the differentiation of monocytes to macrophages is accompanied by a switch in the activation mechanism.
